Abstract-We have been investigating a design methodology of SFQ logic circuits based on the binary decision diagram (BDD). In the previously proposed BDD SFQ logic circuits, we have used one-to-two binary switches as a node cell in a BDD tree. In this study we will propose a new implementation method of SFQ BDD circuits, in which two nodes are implemented by using a 2-input 2-output switch gate. By employing the new approach, we have designed and implemented a one-bit full adder using the NEC 2.5 kA cm 2 Nb standard process and the CONNECT cell library.
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Abstract-We have been investigating a design methodology of SFQ logic circuits based on the binary decision diagram (BDD).
In the previously proposed BDD SFQ logic circuits, we have used one-to-two binary switches as a node cell in a BDD tree. In this study we will propose a new implementation method of SFQ BDD circuits, in which two nodes are implemented by using a 2-input 2-output switch gate. By employing the new approach, we have designed and implemented a one-bit full adder using the NEC 2. 5 kA cm 2 Nb standard process and the CONNECT cell library.
The maximum operating frequency of the full adder was found to be 40 GHz by circuit simulations and 32.8 GHz by on-chip highspeed tests.
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I. INTRODUCTION

S
INGLE FLUX QUANTUM (SFQ) circuits have been developed widely because of their potentially high performance with a high clock frequency and low-power consumption [1] . Typical SFQ circuits, however, need distribution of clock signals to each logic gate, and the timing design of large-scale SFQ circuits is expected to become more difficult due to relatively large clock skew at high clock rates. One solution to overcome the timing issue is the introduction of an asynchronous design approach that eliminates a global clock for individual logic gates [2] . We have proposed an asynchronous design approach based on the binary decision diagram (BDD) for SFQ circuits and shown its validity previously [3] . The BDD SFQ logic style is now used in the design of circuit blocks of recent large-scale SFQ circuits. For example, the controller of the SFQ microprocessor, [4] uses this design style. In the BDD SFQ circuits proposed earlier, we have used a one-to-two binary switch gate as a node cell in a BDD tree. Though the BDD design approach helps to reduce the circuit design complexity and the circuit delay, one problem we faced sometimes is its limited throughput, which arises from the large setup/hold times and the unequal delays at the complementary outputs of the node cell.
In this study, we will propose two new methods to implement the BDD SFQ circuits. The first approach uses the 2 2-Join, which is one of primitive gates in the delay insensitive SFQ circuit [2] , to represent a pair of nodes in a BDD tree. Second approach uses a D flip-flop with two clock inputs and complementary outputs, which is called d2ff in our cell library. We will compare the new approaches with the previous one in terms of operational margins, throughput and latency using the circuit simulations. We will also design and implement a one-bit full adder by employing the d2ff as a BDD node cell to demonstrate its high-speed operation by an on-chip high-speed test.
II. BDD SFQ LOGIC CIRCUITS
The BDD is a way to represent a logical function by a directed graph, which is composed of nodes having one input and two outputs [3] . The node switches an input signal into one of the two outputs depending on its internal state. An example of the BDD tree is shown in Fig. 1 , which represents a one-bit full adder. In the figure, an input signal applied to the top of the graph propagates through the nodes into output terminals denoted by "0" or "1", which correspond to an output value of the logical function.
In the BDD SFQ circuits, an SFQ pulse propagates through the BDD tree without loss of its amplitude. In the previously proposed BDD SFQ circuits, we have implemented BDD nodes by using one-to-two binary switch gates [3] . More diagram of these gates are shown in Fig. 2 . The Bina is a resettable, destructive read-out D flip-flop with complementary outputs [3] . The ndroc is resettable, nondestructive read-out D flip-flop with complementary putouts [5] . These gates are available in the CONNECT cell library [6] as a standard cell. A partial graph of a generalized BDD tree and its implementation by the one-to-two binary switch are shown in Fig. 3(a) and (b), respectively. In Fig. 3(b) , "set1" or "set0" is provided to two nodes, node 1 and node 2, to set the internal state of the nodes. Then an SFQ pulse is applied from the upper level to node 1 or node 2 as a clock signal. Depending on its internal state, an SFQ pulse is generated to one of the four terminals connected to the lower level. Though the implementation of the BDD by the one-to-two switch gates is simple, it turns out that these gates have disadvantages of the large setup/hold times and the inequality of the delays in the complementary outputs, which limit the throughput of the circuits.
III. NEW DESIGN APPROACHES FOR BDD SFQ CIRCUITS
New approaches proposed here use two-by-two switches to implement a pair of nodes in a BDD tree. Fig. 4 shows two logic gates, the 2 2-Join [2] and the d2ff, which will be used as two-by-two switch gates for new BDD SFQ circuits.
The 2 2-Join is a two-by-two switch with four outputs, "d00", "d01", "d10" and "d11". An output pulse is obtained from one of the four outputs depending on the combination of its two complementary inputs ("At", "Af") and ("Bt", "Bf"). The outputs are given by , , and . The details of the circuit schematic and its operation are described in [2] .
The d2ff is a destructive read-out D flip-flop with two clock inputs, "clk1" and "clk2". As shown in the circuit schematic of Fig. 4(b) , and compose a storage loop of the flux. In the initial state, an SFQ pulse applied to "din" sets the internal state of the gate. Then if an SFQ pulse is applied to one of the two clock terminals, an output signal is obtained from "d1" or "d2". The outputs are represented by and , where "din" has to be applied before the clock. Two d2ff gates compose a two-by-two switch, sharing clk1 and clk2 in each gate. In this case, outputs (d11, d12) of "d2ff 1" and outputs (d21, d22) of "d2ff 2" are represented by , , , and , which are similar to the function of the 2 2-Join. Both the 2 2-Join and the d2ff are available in the CONNECT cell library.
The partial graph of a generalized BDD given in Fig. 3(a) is implemented by using the 2 2-Join and the d2ff as shown in Fig. 5 . In Fig. 5(a) , node 1 and node 2 are implemented by one 2 2-Join. An input "set1" or "set0" applied to "At" or "Af", respectively, sets the internal state of the nodes. Then if an SFQ pulse from the upper level is applied to "Bt" or "Bf", an SFQ pulse is generated from one of the four output terminals "n1", "n2", "n3" and "n4". Fig. 5(b) shows another implementation of two-by-two switches using the d2ff. In this case an SFQ input, "set1" or "set0", is applied to "din" of one of two d2ff gates to set its internal state. Then if an SFQ pulse is given from upper level to "clk1" or "clk2", an SFQ pulse is generated from one of the four terminals "n1", "n2", "n3" and "n4". 
IV. COMPARISON OF SWITCH GATES
In this section, we will compare basic properties of the switch gates for BDD SFQ circuits in terms of operational margins, throughput and latency using circuit simulations. All logic gates were optimized by the critical margin method by using the SFQ circuit optimizer, SCOPE and were included in the CONNECT cell library as standard cells [6] .
A. Operational Margins
DC bias margins and critical margins are good measures to consider the robustness of the SFQ logic gates. The DC bias margin is defined as the range of the global DC bias current for the correct circuit operation, whereas the critical margin is the narrowest range of all the circuit parameters for the correct circuit operation. These values for each switch gate are listed in Table I , where we assumed the input data rate was 5 Gbps. Table I also shows the total junction number to implement a pair of BDD nodes. One can see that the d2ff has the largest DC bias margin and critical margin. The 2 2-Join has the smallest junction counts to make BDD SFQ circuits, though its DC bias margin is rather small.
B. Throughput
The dependence of the setup and hold times on the DC bias current was calculated to evaluate the throughput of the switch gates. The definition of the setup and hold times is illustrated in Fig. 6(a) . The calculation results are shown in Fig. 6(b) , where the region between the setup time and the hold time corresponds to the time window in which the data can be applied without malfunction. In the figure the clock period is assumed to be 50 ps. This time window should be larger to achieve higher throughput. One can see that the d2ff has the smallest setup/hold times with almost no DC bias dependence and the large time window.
C. Propagation Delay
We have calculated the dependence of the propagation delay on the DC bias current (Fig. 7(a) ) to consider the latency of the switch gates. The propagation delay should be smaller to achieve smaller latency. We have also calculated the difference of the delays of the switch gate at the complementary outputs ( Fig. 7(b) ). The smaller DC bias current dependence and the equality of the delays at the complementary outputs are necessary to increase the throughput and to reduce the timing design complexity. One can find that the d2ff has good properties both in the propagation delay and in the equality of the delays.
V. ON-CHIP HIGH-SPEED TEST
The comparison of basic properties of the switch gates in the previous section indicates that the d2ff is the best choice for the implementation of the BDD SFQ circuits. In order to show the validity of the d2ff as a BDD node, we have designed a one-bit full adder based on the BDD tree shown in Fig. 1 and implemented an on-chip high-speed test system [7] using NEC 2.5 standard process and the CONNECT cell library. The system was composed of three 4-bit DDST shift registers [7] to load three input data, two 4-bit DDST shift registers to store two calculation results from the BDD adder, and a 4-bit clock generator (CG) to provide a high-speed clock. The system contained 1788 Josephson junctions and its size was 2.72 mm 1.48 mm. We have examined the DC bias margins of the BDD adder at various frequencies by changing the bias current for the CG separately.
The frequency dependence of the DC bias margins of the BDD full adder using the d2ff is shown in Fig. 8 . We have estimated the frequency of the CG by the circuit simulation. A good agreement has been obtained between the measured and calculated frequencies of the CG in the previous tests [8] . In Fig. 8 the calculation results of circuit simulations and logic simulations are also shown for comparison. It can be seen that the test results agree well with the simulation results. It indicates that the accuracy of the circuit and logic simulation is quite good. The maximum operating frequency was found to be 40 GHz from the circuit simulations, and 32.8 GHz from the on-chip high-speed test. 
VI. CONCLUSION
We have proposed a new implementation method of BDD SFQ circuits, which uses a two-by-two switch as a node cell in a BDD tree. We have compared the basic properties of the logic gates for the BDD SFQ circuits in terms of operational margins, throughput and latency, and found that the new approach based on the d2ff is the best choice. We have also designed and implemented a one-bit BDD full adder using the d2ff gates and performed an on-chip high-speed test. Its frequency dependence of the DC bias margins agrees well with the simulation results. The maximum operating frequency of the BDD adder was estimated to be 32.8 GHz from the on-chip high-speed test.
